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ABSTRACT

Theoretical arid experimer:tal work was done at NCEL to study
shear and diagonal tension 1n rectanguiar reinforced concrete beams on
simple suprorts and subjected to uniforinly distributed dynamic and static
loads The objective was 0 determine critena for the miimum amount of
web reinforcement required for developing the ultimate flexural resistance
of beams, and to determine the difference between these critera for static
and dynamic loading

The main portion of the experimentat wark consisted of testing
53 beams, 29 were loaded dynamicaily and 24 were ioaded staticaily
Emphasis was placed on effectiveness of web reinforcement, 47 beams
contained web reinforcement and stx had none  All of the beams were
tested in the NCEL blast simulator  Static loads were apohied using com-
pressed air, and dynamic loads were applied using the e.panding gas from
detonation of Primacord explosive  All of the beams were slender, and all
of them were rectangular except 10 that were | shaped

It was found that the shear and the shear strength in the beams
were greater under dynamic load than under the same amount of load
apphied statically  Furthermore, it was found that a beam with enough
web ~einforcement to force flexural failure under static loading might not

Ty i - ——-have enoysh to force Hlexural failure under dynamic loading  The theory
—— w Md to predict behavior up to the usable ultimate shear strength

T o s TR ROFMal engineering accuracy and 1o provide a fair estimate of the

LT =) UBG. locaton, and mode of failure
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INTRODUCTION
Objectives

In order to design structures to withstand the effects of nuclear
weapons, there 15 a need for knowledge of the resistance and behavior in
hear of reinforced concrete beams under dynamic load The objectives
of the work reported here were to determine critena for the m mmum
amount of web reinforcement required for developing the uttimate flexural
resistance of beams, and to determine the difference between thesc criterta
for static and dynamic loading

Background

Failure and Design Criteria. The major difference between design
critenia for protective construction and conventional construction has been
stated by Hammer and Dill in the following paragraph !

When considering the atomic defense problem, the usual concept
of faiure of a structure must be extended Superimposed on the usuat
considerstion; ore those of mititaty and emergency operation In some
(#3838 Maj0f damage can be accepted and 1n other cases the acceptable
damage i3 only minor, The structure must te thought of as having an
assigned primary or secondary function Performance of this function
may be required mmediately or & ime fof recovery may be aliowable.

Army,? Navy, and Air Force® manuals and a book® are avarable
to designers for use as guides for designing structures to resist the effects of
nuclear weapons. They contain discussions indicating that depending on the
mission of a structure that structure might be designed to behave elastically,
elasto plasticatly, or plastically Further, the design critena tor elements
might be based on sbsolute displacements, relative displacements, 3
strains, accelerations, and/or velocities. These references provide httle or
no information about the economical design in shear of remforced concrete
beams under d 'namic 1oad. The information that 1s provided is based on
static testing of beams and is projected to the dynamic case using logical
reasoning and data from dynamic tests on engineering matenals
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The foll g important 15 part of a discussion of failure
and design criteria in the Air Force Design Manual ¢

1t es usuaily desirable to isure that if faiure does occur it will be
1n 8 predicted fashon  This can be decided esther wath the aim of reducing
the violence of suddenness of fadure or of controlling farture in 8 manner
winch 18 well understood.

From this statement, it 1s deduced that reinforced concrete beams should

be proportioned 1n such 3 way that if faiture does occur the mode of failure
will be ductile flexure since flexural behavior 15 the best understood behavior
and ductile failures are less violent than brittie ones, Also, «f large shear
cracks are 10 be alfowed, beams shouid be proportioned in such a way that
shear behavior will tend toward the most favorable mode of shear failure

Besms Failing in Shear Under Static Loads. Researchers have been
active during the last 15 years advancing theories about static shear behavior
and testing beams which failed in shear under static loads. in Germany,
Leonhardt and Walther? # conducted an extensive long-term program,

Their theoretical studies included the concepts of truss analogy, tied arch
analogy, and shear fallure moment  They performed a large number of
tests on reinforced concrete beams which included uniform and concen-
trated loads, simple supports, rectangular sections and T-sections, various
web thicknesses, 3 wide range of span-to-depth ratio, high-strength steel,
h.gh-strength concrete, and various types and arrangements of web
reinforcement  Uniform load was obtained by placing pressurized fire
hoses between 3 loading beam and the test beam Some of the beams
had no web reinforcement, others had web reinforcement consisting of
bent-up inchined bars, vertical stirrups, or inclined stirrups. The results
of the tests indicated that stirrups, when functioning at high stresses as
shear reinforcement, are more suitable than bent-up inclined bars, and if
farlure results from destruction of the shear-compression zone, 1t may be
advantageous to use vertical stirrups with their reheving effect upon the
compression flange,

Ojha, also working in Germany, presented a paper™ in which he
geve a method of calculating the shear gth of rainforced and prestressed
concrete rectangular beams under one- or two-point loads. The behavior of
the ¢o n the D zone is dered in the method by use of
a distortion energy principle Similar to the shear rotation concept. In both
distortion ensrgy and shear rotation concepts, (1) it 1s assumed that there
13 8 point of rotation at or rear the head of the main shear crack and (2) the
end portion of the beam, which tends to break away from the remainder of
the beam, 1s considered as 8 free body. In the free-body chagram given by
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Ojha, force vectors are shown for the reaction at the support, tension in the
longitudmal reinforcement, horizontal and vertical components for stirrups,
horizontal and vertical components of compression in the concrete, and
verticat shear in the © The method could be exp to includ
other loading conditions by adding force vectors to the diagram and intro-
ducing addstional terms to the equations.

Concurrent with the German work mentioned above, Krefeld and
Th 1 conducted a program at Columbia Unr-ersity  This investigation
included the testing of some 200 simply supporte= beams, with and without
stirrups, having a range of concrete strengths, steei ratios, and span  subjected
10 both concentrated and umiform loads. Most of the beams with stirrups
were subgected 10 3 center concentrated toad. Umiform load was simutated
by eight-paint concentrated loading. Dowei action by the long.wdinat
tension reinforcement was one of the main items being studied, and 1t was
found that stirrups function in dowel action by providing support for the
longitudinal reinforcemant The theoretical work is based mostly on the
shear rotation concept and presupposes that after the shear crack has
extended a short distance iNto the compression zone, further propageiion
due to shear depends upon the ability of the beam to resist the dowel force
at the level of the longitudinal bars. The following equation was developed
for computing the shear n beams without web reinforcement.

A 7, 2,800
E - 18V + Fp ]
vd,

where V, = shear resistance at the criticat section (ib)
b = beam width in)
h = beam height (in.)
1. = 28-day compressive strength of concrete {ps:)

P = stegl ratio
d = gffective depth of the beam (in.}
x = distence from che support to the critical section {in.)

[M/V], = moment-shear ratio at the cnitical section (in }
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Since the shear and moment distributions along the span are different for the

two loading distributions, equations associated with each type of loading were
developed for relating shears and momen -shear ratios at the support to those

at the cnitical section  For concentrated 'oadirgs

vV, = V {1a)
M
H. x (1b)
whereas tor umiform loadings
v, = \_f_(_L_;_Zx! {1c)

[%1 - ———LL'_'Z": (1d)
where V = shear at the support (Ib)
L = span length {in }
Measurements on test beams indicated that for concentrated loadings
x = 062 2<4a/d<5 (1e)
x=3-2d 6&<ad (1)
where 8 15 the shear span in inches, and for uniform loadings
x = 021 4<ULMd<10 (19}
x = 2d 10<d {1h)
The fallowing equations were developed for estimating the maximum

sheat Intensity in beams with stirtups subjected to onc and two concentrated
loads

!‘:‘l. + ot t
Th A rf, Wpu<rt, {2)




\.,.".'1. + 1.5t 45 30<rf, <90
oh v, Srf, - <rf, <90ps
v
—",?-v‘ rf, <oy

where V,, = ultimate shear remistance (1b}

v, = V,/bh, shear intensity in beam withicn.? web
reinforcement (psi)

r = reinforcement ratio for web reinforcement

f, = yeld strength of web reinforcement {psi}

2a)

Information rega:ding static shear resistance has been documented

by many authors, much of which 1s summarized in the report of the ACt

ASCE Joint Committee 326, “Shear and Dragonal Tension 12 The following

sermi-empirical equattons, which have been incorporated ir the “"ACI Building

Code,"'? wure selected by Committee 326 as the basts for design criteria
statically loaded beams

Ve

v " e ,(19,,1; + 2,500 9;") <356 [T
v f

v, = _3. = v, + glsina +oo:al-%'-'-! <100y

whare v, = shear strength at the critical section contributed by
the concrete {psi}

v, = ussble ultimate shear strength at ti.e critical section
{pst)

V. = shear resistance at the critical section contributed
by the concrete (1b)

V. = uséble ulimate shedr resistance at the cretica!
section {Ib)

= width of the beam (in )
d = effective depth of the beam {in }
¢ = capacity reduction factor

for
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f. = 28-day compressive strength of concrete {psi}

p = steel ratio

V/M = shear-moment ratio at the cnitical section (in -*)

a = angle of inchination of web reinforcement (deg}
= area of a stirup (in 2)

f, = yeeld strength of stirrups (psi)

s = honizontal spacing of stirrups (i )

An equation 1s not given in the Code for calculating the distance from the
support 1o the critical section It 1s stated, however, that the shear at sec-
tions between the face of the support and the section a distancz, d, therefrom
shall not be considered critical ™ Thus infers that for simply supported beams
of constant cross section subgected to umiform loading, the distance from the
face of the support to the critical section may be assumed to be equal to the
etfective depth of the beam, d  For beams with web reinforcement, the Code
provides for 3 lower limit to the area of web reinforcement as follows

A, > 00015bs (4)

Equation 3 is intended for designing beams without web reinforcement
and s based on the following

(1) Dhagonal tension 15 a combined stress involving honzonta!
tenstle stress due to bending as well as shearing stress

{2) Since failure due to shear can occur with the formation of
the cnitical diagonal crack f redistribution of internal forces
18 not accomphished in design, the load causing the formation
of the cnitical diagonal tension crack is generally considered
85 the uitimate load carrying capacity of a reinforced concrete
member without web reinforcement

Commuttee 326 studied the data from more than 440 beam tests and concluded
that the three significant parameters are percentage of longitudinal reinforce-
ment, p, the dimenstonless quantity, M/V d, and the quatity of the concrete,

f; The equation was obtamed by fitting the parameters to the data from 194
tests on beams with simple supports and concentrated loads. At a later time,
data from other tests with different conditions of loading and restraint corre-
lated well with values computed using the equation




Equation 4 15 intended for designing beams with web reinforcement
and 15 based on the following

{1) Failure can occur in diagonal tension upon diagonat cracking,
In shear-compression upon yielding of the web reinforcement,
or 1In shear-compression prior to yietding of the web remnforce-
ment

(2) Shear-compression Is the most common mode of failure in
normally proportioned beams.

(3) The ultimate shearing capacity 15 the sum of the shearing
capacity at diagonal cracking plus a contribution from the
web reinforcement at the point where yielding of the web
reinforcement occurs.

{4) The concept of tryss analogy can be used to analyze the
stress in the web renforcement

The equation was obtained by summing the terms for the cracking reststance
and for the contribution from web reinforcement From the above conczpts
and observations, Keenan' concluded that the effective amount of web
reinforcement required to produce a flexural failure 1s o function of the
ditference b the shears corresponding tc the ultimate fiexural resis-
tance and the diagonal tension cracking resistance  Tests on beams with wsb
reinforcement to support Equation 4 were imited both in number and scope. 2

The Code equations, numbers 3 and 4, are similar to the Krefeld and
Thurston equations, numbers 1 and 2 They contain the same dommant
parameters, the same general form, and nearly the same values for coefficients.
The use of effecuve depth, d, instead of the height of the beam, h, and the use
of the capacity reduction factor, ¢, tend to maka the Code equations more
conservative than the other equations. On the other hand, the distance to the
cnitical section permitted by the Code may tend to make the Code equations
less conservative than the others. Another difference in the equations is the
lower limit on stirrup effectiveness  The Code equations tend 10 be the less
conservative in the case of very small beams with small amounts of web
reinforcement where

A, > 00015bs end ff, < Npul

Rsjagopalan and Ferguson® indicated that the Code equation for the
shear strength contaibuted by the concrete, v, 1s unconservative when the
steel rati0, p, 1s small  They performed tests on ten beams having p between

* Unoublishad “Exph

y shaar tasts 0
longituchnal steel,” by K S Rajagopaian and P M Ferguson University of Texas
at Austn, Oct 1967
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0.0173 and 0 0025, Also, they analyzed the results of tests by other
nvestigators on 27 beams with p less than 0.012  For the data analyzed,
the following equation seemed to define a safe lower bound

v, = (08 + 100p)T, p<0012 5)

Dynamic Properties of Materials. The rapid loading of matenals causes
rapud strain rates which, in turn, affect the stress—strain relationships and tne
creumstances under which bnttle fallure can occur, As the rate of strain in
steel 15 increased, (1) the yeld stress increases, (2) the yield strain increases,
{3) the modulus of elasticity in the elastic range remains essentially constant,
{4) the strain at which strain hardening begins increases, and (5) the ultimate
strength incresses ¥ Since the yield stress increases more rapidly than the
ultimate stress, farlures in material specimens tend to be more brittle under
dynamic load than under static load  Concrete under dynamic compression
behaves simularty, but the influence of strain rate on the compressive strength
of concrete 1s not as easily determined  First, the stress—strain relationship of
concrete hds no apprectable inear region even under static load. Second, In
the Code provisions for static design of beams, the vompressive limit (yield)
strain, 0 003 1n./in , 18 rather arbitrarily chosen, Third, the effective modulus
of elasticity appears to change unvder dynamic load  Attention is 3lso given to
the possibility that concrate in control specimens may behave differently than
concrete in beams because of boundary effects, size effects, and the presence
or absence of bond with compression reinforcement, Dynamic yield stresses
for concraty in compression and reinforcing bars in tension are recommended
in several sources.®: 8 1%

Nagarajo Rao, Lohrmann, and Tall'® tested specimens of ASTM steals
A6, Ad41, and AD14 to determine the effect of strain rate on yeeld stress in
the inelastic range. They p d the following ¥ to relate the stran
rate to the ratio of the dynamic yield stress level and the static yreld strass level

1;-': -1 e ke ®
where a4 = dynamic yeid stress level (psi)

0y ™ Static yield stress level {psi)

k = constant pecuhar to the matena’

n = constant peculiar t0 the mateniat

€ = stran rate (in /in /sec)




The dynamic yield stress level, 0,9, was defined as the average stress during
actual vielding in the inelastic range, which remains fairly constant provided
the stramn rate remams constant - The static yield stress level, a,,, was defined
as the average stress during actual yielding in the ineiastic range at zero strain
rate, this stress remains fairly constant  When tha stress was not constant, it
was taken as the stress corresponding to a strain of 0 5%

Tests were made by Lundeen and Saucier'? to study the dynamic
tensile strength of concrete, otherwrse, httle or no background information
could be found regarding dynamic tensile and shear strengths of concrete
and dynamic bond strength

Beams Failing in Shear Under Impact Loads. Research on the shear
and bond strength of high-strength rewnforced concrete beams under impact
loads has been conducted at the University of Texas under contract with the
Air Force Weapans Laboratory (AFWL) " '® The first phase, now complete,
included 41 beam tests 4 flexure tests, 22 shear tests, and 15 anchorage tests.
All the beams had 28-day compressive strengths of concrete, f, of about
8,000 psi and longitudina! reinforcing bar yield strengths, f, , exceeding
76,000 ps1 Al were simply supported and subjected to congentrated load-
ngs. Twenty-two beams were loaded slowly (static load) and 19 beams were
loaded rapidly by means of a falling mass (impact load) that struck the beams
through an impulse-controlling cushion, The nitial rise time to about 50%
of the maximum load was 3 to 5 msec  After the itial nise, the force con-
tinved 10 increase at a slower rate until the specimen faled or absorbed aif
the energy of tha drop  The time from impingement to maximum force
vanied fram 25 to 70 msec. Flexure, shear, snd anchorage farlures were
obtained ’

In the 22 shear tests, both deep and slender beams were tested.

Eleven beams were loaded dy fly ang 11 p were loadad
staticelly Punchung shear, diagonal tension, and shear-compression failures
were obtained. Only three beams with stirrups were tested dynamically,
therefore, no quantitative conclusions were made regarding tha effectiveness
of stirrups under dynamic load,

Scope

Experimental Work. The main portion of the experimental work at
NCEL consisted of tests on simply supported reinforced concrete beams
subjected to dynamic and static umformly distributed loads. Of the 53 beams
tested, 29 were loaded dynamically and 24 were loaded statically. Emphasis
was placed on effectiveness of web reinforcement, 47 beams contamned web
reinforcement and six had none,

W g e g
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Static uniform loads were applied using compressed air, dynamic
umform loads were agplied using the expanding gas from detonation of
Primacord Dynamic loads had nse tmes of 1 to 2 msec and exponential
decays. Dynamic load durations varied from T/T, = 14 to T/T, ==,
where T 15 the effective load duration and T, 1s the natural period of
vibration

The 43 rectangular beams were slender (L/d > 7) and they had
either no web reinforcement or web reinforcement consisting of vertical
deformed bars or plain wires. The primary parameters studied were peak
load, load duration, and rate of loading, stirrup spacing, area of stirrups,
and the yield strength of the stirrups, and concrete strength (Table 1)
Length-to-depth ratio and longitudinal steel percentage were studted also,
but to a lesser degree.

The 10 I-beams had very thin webs and were of intermediate
slenderness (5 < L/d < 7), and they had welded wire fabric for web
reinforcement  The parameters studied were peak load, rate of loading,
stirrup area, yield strength of the stirrups, and longitudinal steel percentage
{Table 2). A limited study on the effects of web width on diagonal tension
was made by comparing the behavior of the rectangular beams and the
I-beams,

The beam tests were supplemented by dynamic and static tests on
the matenals used in the beams to determine the dynamic properties of the

concrete, stirrups, and longitudinal bars in tension, and the concrete in com-

presston, Pull-out tests to study the influence of normal pressure on bond
were conducted at the lowa State Umiversity,
The, I-beam tests, the putl-out tests, and some of the dynamic tests

on concrete were funded by the Naval Factiities Engineering Command under

Work Unit Y-F011.05-04-002, Thun Shell Construction. All of the other
testing was funded by DASA under Subtask No. SC3318 (formerly Subtask
13.018 and RSS3318).

Theoretical Work. A simplified design method and both simplified
and nigorous analysis methods were developed for ssimply supported rectan-
gular reinforced concrete beams under uniform and concentrated dynamic
loads. Many of the equations apply to other conditions ot loading and
restraint as well. Equations were developed for predicting the maximum
dynamic shear at the support (used in the simplified methods), the shear
at the support with respect to time {used in the nigorous methad), and the
dynamic resistance of the beam at the support corresponding to shear
cracking, shear yiciding, shear failure, flexural yielding, and fiexural farlure
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L5 Gyt 1660 7300 00008 09295 48700 00082 0500 2 00072 00060

* Suw Lzt of Symbols on pege 1) tur cotatun
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A computer code was programmed to make calculations using the
ngorous anaiysis procedure  The procedure 15 based on the linear accelera-
tion extrapotation method for numerical analysis of single-degree-of-freedom
systems, and for each cycle of the calculation, checks are made for shear and
bond The procedure applies in the elastic, elasto-plastic, and plastic regions
of response, and the motion parameters (displacement, velocity, and acceler-
ation) are calculated for each cycle, therefore, the procedure applies to afl
the types of falure and design criterta previously discussed.

Reports. This report contains a summary of the previous work at
NCEL, a presentation of the theory used in the computer code, the reporting
on the final series of beam tests (Series F), conclusions about all of the work,
and recommendations  The testing of materials associated with the Series F
beams is reported in Appendix A  Earlier reports covered Series D and Series E,
the beam tests in Series A, 8, and C have nct been previously reported

Notation

in the Introduction of this report, notation conforms to that of the
reference cited, and iocal hsts of symbols are prov.ded with aquations. in the
body of this report, natation conforms as nearly as practical to that of the
AC! desianation, and & List of Symbols is provided on page 179 A few nota-
tions and definitions are different from those in previous reports on this work
unit. Such changes were made in the interest of simplicity, order, and
standardization,

In genersl, uppercase latters are used to indicate forces while lowercase
letters indicate forces per umt area. For example, V, 1s the ussble ultimate
shear resistance (total force), while v, 1s the usable ultimate shear stress (force
per unit ares). Where it 1s necessary 10 indicate location at the support rather
thar at the critical section, the subscript s 18 used to specify location at the
support. For example, V,, 15 the ultimate shear resistance at the support
while V, is the ussble ultimate shear resistance at the cntical section A letter
d 1s added to the subscripts of symbols to denote the dynamic case  For instance,
1, 18 the yield strength of steel in tension and £y, denotes the dynamic yield
strength of steel in tension. In order to diff iate b the gths of
stirrups and longitudinat tension and compression steel, the subscript contains
8 letter v t0 denote stirrup material and a prime denotes a matenial in compres-
son Thus, f,,, is the dynamic yietd strength of stirrups, f,, 18 the dynamic
yeld strength of stes! 1n compression, and 4y, 1s the dynamic yield strength of
steel in tension
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Defimtions

Behavior. When testing a beam subjected to dynamic load, the
experimental engineer does not have time to observe the formation of
cracks in order to make judgments regarding change n behavior, nor can
he know the moment when the resistance in the beam changes suddenly
since the beam 15 in motron throughout the test  He must use measured
values instead of visual observations to judge behavior  Therefore, it
becomes necessary to define changes in behavior such as cracking, yielding,
and farlure in quantitative as well as quahitative terms,

Critical Strains. [t seems logicat that values of stress or stran in the
materials from which the beam 1s made should be used instead of motions
or forces to define changes in behavior, because critical values of stress and
strain ¢2n be obtained from tests on specimens of the matenials. Further-
more, motion or force parameters cannot or are not exwly compared with
simitar parameters in statically loaded beams  Strain is preferred over stress
because 1t 1s more easily measured in the beams, and stress is less applicable
n the ineiastic range of behavior. The traditional practice of using stress
criteria in elastic design does not cause a serious problem here. Since the
madulus of elasticity of steet does not change an appreciable amount as the
stran rate is increased, conversion between stress and strain in the elastic
range is easily done. Unless determined otherwise in tests, the modulus of
elasticity for steel in the dynamic and static cases can be assumed to be™

€, = 29,000,000 psi
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As mentioned before, the stress—-strain relationship of conciete in compression
is nonlinear in thy elastic range, and the effective modulus of elastiity increases
a3 the strain rate 1s increased  However, the magnitude of the net effect of the
ncrease in madulus in beams s probably less than the total error due to

(1) possible changes in stress block shupe, {2) changes in toughness, and

{3) approximation of the static modulus used in design  Thus, unless deter-
mined otherwise in tests, the modulus of elasticity for concrete in compression
1n the dynamic and static cases can be assumed to be'®

E =~ o341, m

where E, = modulus of elasticity of concrete in compression (ps))
p = density of concrete {ib/f13)
f; = 28-day compressive strength of conerete {psi)

4




In the computer code, which was sed for predicting the behavior of
the Series F beams, the increase in concrete modulus was considered by using
the dynamic strength Jf the concrete, f., 1n place of the static strength, f;,
n Equation 7 The increase was smalt since the modulus is proportional to
the square root of the compressive strength. Ail other computations were
made ysing Equation 7 as shown

Since the stress—strain relationship of concrete i compression 1S
nonlinear, the concepts of yield strength, vield strain, ultimate strength, and
ultrmate strain do not apply directly, However, when combining concrete
and steel to form beams, it becomes necessary to establish effective values
of these properties for proportioning the beams and defiming the regions of
response. The 28-day compressive strength, f;, the breaking stress of a con-
trol specimen, 1s used for a cniterion in heu of uitimate stress, and 85% of

the compressive strength 1s normally used in heu of yield stress in proportioning
beams. In addition, the effective modulus of elast:city is estimated by use of
Equation 7 as given above. The ACI'™ recommends using a limit strain of
0.003 in./in to represent yielding In beams with compressive reinforcement,
destruction of the concrete In COMNrEsSION OCcurs prograssively over @ range

of loads or times. Experience with the flexural testing of beams has shown

that in beams with compressive reinforcement, destruction usuatly occurs

after 3 strain of 0.006 in./in is reached at the remote fiber, and the change

in the crushing strain in beams under dynamic load is unknown. Thus, critical

events of behavior in compression are defined here as strans in quan-
titative terms as
¢, * 0.003in/in.  (yield stran of concrete)

€, = 0.006in/in.  (ultimate strain of concrete)
The stresses amo. ‘ated with those strains are
fo, ® 0.85f,  (stauc yield strength of concrete)
feey ® 0851,  (dynamic yieid strength of concrete)
fo, ® f.  (static uttimate strength of concrete)

few * fee  {dynamic ultimate strength of concrete)
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Other stresses in the concrete are computed as follows
Static loading, elastic region

f, = ¢E, < 085f

Dynamic loading, elastic region

f, » ¢E < 0851,
Static loading, inelastic region
0856f, < f, » ¢E < f
Dynamic loading, nelastic region
085f,, < f, = ¢E < fy

Flexure. Flexural cracking of the beam occurs when the tensile strength
of the concrets 1s overcome at sections where bending forces are paramount and
shoar cracks do not aiready exist. In the accepted methods for flaxyral analysis,
the concrete tensite stress and strain associated with flexural cracking are assumed
to be zero. Tha term cracked section is used to describe this condition

Flexural yielding occurs when the fongitudinal tension steel yields or
when the yield stran of the concrete 1s exceeded at the remote Tiber If the
flexural yieiding 1s governud by yielding of the steel, this 1s referred to as ductile
yieiding Yielding of comprassion steel has some influence on beam behavior,
but does not constitute yielding of the beam

Flaxural farure occurs when the ultimate strain of the concrete s
excveded at the remote fiber or when the fongituding! tension steet ruptures.

If the failure 1s governed by failure (uitimate strain) of the concrete prior to
yialding of the tension steel, this s referred to as brittle failure, otherwise, it
18 referred to as ductile failure  This 1s 10 say that ductiie failure is always pre-
cuded by ductile yielding

Shesr. Shear cracking of the beam occurs when the tensile strength of
the concrete 1s overcome at sections where dragonat tension forces are pora-
mount. The critical section 1s where the dragonal tension stress is fargest, and
the entical dizgonal tension crock, herein called the shear crack, imitiates at or
nearly st a pont in that section  In thin-webbed beams, the initiation point is
at the critical section, in wide-webbed beams, the shear crack may start from
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a flexural crack along the bottom of the beam a short distance away and then
propagate rapidly to a point in the cntical section, After initiation of the shear
crack, mcrease in toad and/or passage of time may Lause the crack to progress
diagonaliy upward The shear-compression zone 15 located at the head of the
shear crack where the concrete area acting in shear and compression 15 greatly
reduced by the crack, and therefore the concrete is subjected 0 large shearing
and bend: acting | isly

Shear yrelding occurs when the web remforcernent yields at the cntical
section or when the yield strain of the concrete 15 exceeded at the remote fiber
n the shear-compression zone  Yielding of the longitudinal reinforcement at
the critical section 1S not considered here because it appears that such yrelding
triggers dowel failure immediately {1 the shear yielding is governed by yieiding
of the web reinfurcement, thes is referred to as ductile yielding,

Shear failure can occur upon formation of any one of 3 large number of
possible mechanisms generally classified as pure shear, diagonal tension, of shear-
compression. Pure shear occurs in deep members and is beyond the scope of
this work umit. Diagonal tension failures can occur (1) upon formation of the
shear crack if redistribution of stresses i1s not accomplished, (2) + iter when the
longitudinal tension reinforcement fails to resist the dowel forces, or (3) in rare
cases when the stirrups rupture. Diagonal tension failures triggered by cracking

and most of thoss triggered by dowel failure sre not preceded by shear ywlding.
they are repid and are considered to be brittie farlures, Shear-compression
fatlure can occur when the ultimete stram of the concrete is exceeded in the
shear-compresuion zone beforo or after yielding of the stirrups, or can accur
in rare cases when the stirrups rupture. Shear-compression failures are consid-

srad to ba ductile, the least violent being crushing of the concrate after yielding
of the stirrups. 1 shear falure is caused by stirrup rupture without yielding in
the shear-compression zone, that farure 18 classified as diagonal tension falure,
On the other hand, if shear failure 15 caused by stirrup rupture with yielding in
the shoar p zone, 1t is classified as shear-compression failure.

Usabie ultimate shear strength and usable ultimate shear resistance are
definaJ by Equation 4

Bond. A detatied study of bond was not attempted, but unce some
bond failures resemble shesr failures, studies were made (0 insure ageinst bond
failures in the beams tested  in those beams, tangitudinal tension bar anchor-
age farlure at the support was the most probzbiv type of bond falure.
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SUMMARY OF PREVIOUS WORK
Sevies A Beam Tests

in the Sertes A beam tests, (1) beams with and without stirrups were
tested staticatly t0 study the effectiveness of stirrups, (2) beams with stirrups
were tested statically and dynarmcally to study change in the probability of
failing in shear or flexure with change in loading rate, and (3} beams with

“rrups having small stirrup areas were tested to study the possible conser-
voitsm of the imit (A, > 0.0015 bs) given in the ACI Code.” These tests
were priot tests to study gross effects and develop techniques.

Details wnd instrumentation of the four beams designated Sertes A
{OA1, WAT, OA2, and WA4) are shown in Figure 1 The proportions and
static matertal properties are grven in Table 1, Two beams had stirrups made
from no. 2 deformed reinforcing bars umformly spaced in the vicinity of the
critical section, and the others had no stirrups near the cnitical section. The
beams with suirrups were designated WA, and those without were designated
OA The web reinforcement was shightly more than the mimimum allowable
by tne ACI Code neglecting the capacity reduction factor, ¢ Beam WA4,
with stirrups, was losded dynamically, the others were loaded statically,
Strains were measurad in the stirrups in the vicinity of the critical section
#nd in the concrete remote fiber and longitudinal steel bath in the vicinity
of the critical section and at midspan. The beams without stirrups failed in
shear, and those with stirrups taled in flexure,

The stirrups were effective in preventing shesr failures under both
static and dynamic loads, and the probability of faiiure in shear or flexure
chd not sppear to change grossly with change in loading rats. The Code pro-
vmons for shear were found to be very conservative in the beams tested. The

and besm ions performed well, but the method used
for detoctmq snd measuring shear cracking was unsatisfactory

Series B Boam Tots

An attempt was made in the Series B tests to obtain a shear-compression
failure under statec foading in a beam with stirrups similar 1o the beams of
Serws A. The concrate strength and the span length were less to make the
shear sensitvity greater. A companion beam without stirrups was tested for
COMPAnON

Details and instrumentation of the two beims designated Series B are
shown in Figure 2, and the proportions and material properties are given in
Table 1. Beam WB1 had str rups in the vicinity 0t the critica! section, snd
beam OB1 had none there. Both baams were tested under static load The
one without stirrups failed in shear, and the cne wath stirrups failed in flexure
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The primary objective, to obtain a shear-compression failure, was
not achieved  The shear crack propagated up 10 the level of the compression
remforcement, but no crushing occurred at the top surface ot the beam in the
shear-compression zone

Series C Beam Test

Beam WC1 was the only beam tested i Serres C  The primary obsective
of this piiot test was to ohtain a shear-compression fatlure under static foad
The secondary objective was to test two methods of measuring dragonat crack-
ng

The dimensions of the beam were identical to those of beam W81 as
shown in Figure 2, but concrete strength and stirrup yreld strength were fess
10 make the shear sensitivity greater  The proportions and material aroperties
are given in Table 1 The low stirrup yield strength was obtained by heat
treating the no 2 deformed remnforcing bars  All of the measurements wh.ch
had been made 1n Series B were repeated in Series C, and two measurements
of shear cracking were made also

The beam was loaded statically and failed in flexure Although failure
occurred in flexure, 8 companison of the various strains indicated that shear
failure was nearly achieved The shear crack extended above the level of the
compression reinfurcement as can be seen in Figure 3  One of the methods
of measuring shear cracking was dered to be factory and was used
tn some of the later beam tests The other method was unsatisfactory.

Figure 3. Post test photograph of beam WC1,
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Pull-Qut Bond Tests

1t was conjectured that low bond strength in beams might contribute
to dowei failures, and that premature anchorage falures might be difficuit to
differentiate from diagonal tension failures. Therefore, 1t was desirable to
design shear test specimens with high margins of safety in bond. On the
other hand high margins of safety were ditficult to achieve in design because
(1) tugh-strength steel was needed to obtain beams of suitable size and pro
portions for the testing equipment available, and (2) 1t was desirable to keep
the steel arrangement simple, that is, no hooked bars and no extra bars near
the support.

The condtions of loading and restraint were such that the tongitudinal
reinforcement was subjected to normal pressure at the support, and it was
supposed that the bond resistance of the beam was increased by the normal
pressure. Tests performed under contract with lowa State University?® ind)
cated that boi § resistance 1s increased by normal pressure and, also, that the
presence of stirrups at the support improves bond résistance, The effect of
norma! pressure and stirrups was then considered in estimating the margin of
safety in bond

The pull-out tests were funded by NAVFAC under Work Unit
¥-F011-05-04-002.

Oynamic Testing of Materials

The NCEL dynamic matenials testing machine?! was used to test a
variety of steel and concrete specimens at various controtied head velocities.
Without the booster, the machine has 8 m static capacity of 50,000
pounds and can be operated at head velocities up to 15 in./sec. The piston
stroke 15 4 inches, Using the booster, the head velocity can be increased to
30 1n./sec, and the static toad capacity can be increased 10 80,000 pounds.
The piston stroke at the higher velocity 15 0.75 inch, the head velocity will
raduce to 15 1n./sec for the remainder of the 4-inch stroke. For typical
specimens of reinforcing steel, the maximum strain rate that can be obtained
15 8bout 2 1n /in /sec.

Dynamic tests were conducted on a speCiaily tabnicatsd chrome-alloy
high-strength reinforcing steel,! four grades of typical reinforcing steel,®
and annealed plam wires. 2 The four grades of typical reinforcing stee! were
ASTM sntermediate grade A15, hard grade A15, high-strength A432, and
high-strength A431  The reinforcing bar spacimens had thair deformations

hined off. The were tested at various strain rates from shout
0002 0 about 2 1n /in /sec, and plots were made of increase in yield strength
with respect 10 strain rate. In the tests on 9 gage wire with static yield strength
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of 36,000 Ib/sa i, a strain rate of 2 5 1n /in /sec was obtained, and the yreld
strength was nearly doubled at that rate  Tests on other wire are reported in
Appendix A of this report.

Dynamic compression tests and dynamic tensile sphitting tests were
condugted on circular cylinders made of portiand cement concrete.2¢ A
medium- and a high-strength mix were used, and specimens of each mix were
tested at two ages, 28 and 49 days. The compression tests were performed at
strain rates from about 0001 10 1 in./in /sec, and the tension tests were per-
formed at stran rates from about 0 0004 to about 0 2 in./in./sec. Plots were
made of increase in strength with respect t0 strain rate and aiso with respect
to stress rate  Dynamic tests on another concrete mix are reported in
Appendix A of this report

Dynamic compression tests also were performed on reinforced concrete
rectangular prisms 3% The test members were planar concrete panels remnforced

with a single layer of square-meshed welded-wire fabric. Severa! combinations

of panal thickness, reinforcing-wire diameter, and mesh size were investigated,
as well 3s two concrete strengths. A single rate of compressive stress {100,000
psi/sec) was apphed

The tests on rectangular concrete prisms were funded by NAVFAC
under Work Unit Y-F011.05-04-002. The other testing of materials was funded
by DASA under Subtask 5C3318.

Modal Analysis

A modat analysis of the elastic response of 8 smply supported besm
under a uniformly distributed losd was made {1) to determing the influence
of the dynamic parameters (peak l0ad, load duration, and damping) on the
trangient vaniation in shear and moment-shear ratio along the span, and (2) to
develop 8 dynamic response chart for quickly determining the maximum shesr
forces a beam must resist to fail in flexure. Exact solutions for the transient
vanation in shear and moment at any point along the beam ‘sere deveioped
and compared with approximate soluti From t-a approximate solutions,
# chart for the maximum dynamuc shear factor at the supports wes developed
for various ratios of peak load to dy yield and load durat
t0 fundamental period of vibration  Figure 4 13 the chart for the maximum
shear at the supports, snd Figura 5 is 